Deserts are the most frequent locations of terrestrial crude oil contaminations. Nevertheless, the long-term effects of petroleum hydrocarbons on desert ecosystems are still unknown, which makes risk assessment and decision making concerning remediation difficult. This study examined the long-term effects of petroleum hydrocarbons on perennial desert vegetation. The study site was a hyper-arid area in the south of Israel, which was contaminated by a crude oil spill in 1975. The contaminated area was compared to uncontaminated reference areas. The composition of perennial plants 40 yr after the oil spill was not significantly affected by the contamination. However, the size distribution of the two most dominant shrub species, Salsola cyclophylla Baker and Hammada salicornia (Moq.) Iljin., and the only tree species, Acacia raddiana Savi and Acacia tortilis (Forssk.) Hayne, were different from the reference. These differences can be explained by decreased recruitment. The estimated recruitment of Acacia in the last 40 yr post oil spill was 74% less than recruitment in the reference area. Low recruitment of Acacia may in the future lead to the loss of tree cover, which would change the entire ecosystem, as Acacias are keystone species on which a number of microorganisms, plants, and animals rely. Remediation of oil spills and preventative measures are recommended.
Desert Vegetation Forty Years after an Oil Spill
Mara Nothers,* Nitzan Segev, Juergen Kreyling, Amgad Hjazin, and Elli Groner C rude oil satisfies the majority of humanity's global energy demands. Consequently, its extraction and trade are of high economic importance. Once released to the environment, however, crude oil causes harm by altering soil properties (Ellis and Adams, 1961) , and some compounds, especially polycyclic aromatic hydrocarbons (PAHs) are toxic to animals (Sørhus et al., 2015) , plants, and microorganisms (Currier and Peoples, 1954; Alkio et al., 2005) . Information about the long-term damage caused by oil spills to ecosystems is required to allow risk assessment of crude oil extraction and transportation as well as appropriate decision making about remediation of spillages.
Most oil wells are situated in deserts or oceans (Nicolotti and Egli, 1998) , and thus most oil pollution also occurs in these areas. However, research about the impact of oil pollution has been restricted mainly to aquatic ecosystems (Nicolotti and Egli, 1998) . Studies focusing on the impact of crude oil on desert ecosystems are limited, and their results vary. For example, four years after the Gulf War, no native plants were growing on heavily contaminated soil, while on moderately contaminated soil, annuals mainly belonging to Asteraceae were found that were associated with oil-degrading microorganisms present on their roots (Radwan et al., 1995) . Seven years after an oil spill, mutations were found in desert plants due to the presence of genotoxic compounds in crude oil (Malallah, 1998) . After 10 to 15 yr, plant communities on tar piles in the Arabian Gulf region were similar, yet less diverse, compared with those in the surrounding landscape (Hegazy, 1997) . In a saline region of the coastal desert in Egypt that had been repeatedly polluted by crude oil for 10 yr, the natural vegetation had vanished, except for one oilresistant species, Limonastrum monopetalum L. that had become dominant (Hussein and Terry, 2002) . Varying sensitivity to contamination by crude oil compounds has been reported for different species (Hegazy, 1997; Cowell, 1969) and even subspecies (Adam and Duncan, 2002) . In the long term, this could result in a shift in plant community composition (as observed by Hussein and Terry, 2002) , excluding the more-sensitive species and favoring more-tolerant and potentially invasive species.
For proofing purposes only © ASA, CSSA, SSSA Petroleum hydrocarbons have been found to have a particularly high negative impact on recruitment (Besalatpour et al., 2008; Chima and Vure, 2014) , understood as the process by which new individuals are added to a population, including seed germination, seedling survivorship, and seedling growth (Eriksson and Ehrlén 2008) . Greenhouse experiments on eight different species of desert plants on oil-contaminated soil showed no effects of soil contamination on germination; however, seedling mortality was higher while seedling growth was reduced (Zhang et al., 2013) . This reduced recruitment success would affect the age distribution and viability of a population.
In the long term, crude oil in the environment naturally degrades by physical, chemical, and biological processes (Barakat et al., 2001 ). This process is accelerated by plants (Ogbo et al., 2009) , microorganisms (Abed et al., 2015) , and their symbiosis in the rhizosphere (Newman and Reynolds, 2004; Grenier et al., 2015; Liu et al., 2015) . However, in deserts a limited and unpredictable water supply and high temperature amplitudes result in low biomass production of plants and low activity of microorganisms (Noy-Meir, 1973 ). This suggests a slower degradation of crude oil in deserts. In Kuwait, for example, regeneration of oil contaminated deserts via oil-utilizing microorganisms in the rhizosphere was slow (Radwan et al., 1995 (Radwan et al., , 1998 . Additionally, soil salinity negatively affects oil degradation by soil bacteria (Abed et al., 2015) . Barakat et al. (2001) found that in an arid terrestrial environment in Egypt, toxic crude oil compounds like PAHs were still present after 15 years of weathering. So far, it is unknown how long crude oil compounds persist in arid and hyper-arid regions and what their long-term impacts on the ecosystem are.
This study aims to expand our knowledge about long-term effects of crude oil contamination in desert ecosystems by quantifying the changes in vegetation after an oil spill that occurred 40 yr ago in the hyper-arid Arava Valley (Evrona Nature Reserve, Israel) to facilitate appropriate decision-making concerning risk management and remediation. The study focuses on plants, particularly woody plants, because they include the keystone species for various functions of the studied ecosystems (Ron et al., 2003; Stavi et al., 2015) . Two main hypotheses were tested: (i) plant species composition is substantially altered by the oil contamination; and (ii) there are fewer small plants in the oil-contaminated areas because of impaired recruitment.
Materials and Methods

Site
The study was undertaken in the Evrona Nature Reserve, located in the Arava Rift Valley in the south of Israel. The Evrona Nature Reserve has been affected by two oil spillages from the same pipeline, the first in July 1975 (Braester, 1975) and the second in December 2014 (Groner et al., 2015) . No remediation was done for the first spill, and the damage caused, as well as the natural rehabilitation process, was not documented. For the purposes of this study, therefore, the vegetation in the contaminated area was compared to similar uncontaminated reference areas 40 yr after the oil spill.
The study area is hyper-arid (Noy-Meir, 1973 ) with a low annual precipitation (15-50 mm yr -1 ; Ginat et al., 2011) . Intense sun radiation and hot temperatures result in high potential evaporation (~3000-3,500 mm yr -1 ; Ginat et al., 2011) . Upon rain events, water is concentrated in the valleys of ephemeral rivers (wadis), which facilitate plant growth. Still, water is the main limiting factor for life (Noy-Meir, 1973) .
Ecosystem recovery after the oil spill was quantified by focusing on perennial plants as they play an important role in the function of the entire ecosystem in the Negev. Perennial plants are the main primary producers (Berg and Steinberger, 2008) ; they create physical barriers against wind and sun radiation, which allows for accumulation of organic matter and seeds, and they moderate soil moisture. Thus, they are important to soil microbes, animals, and some annual plant species that grow only in their proximity (Berg and Steinberger, 2012) . Acacia, the only trees in Evrona, are considered keystone species in the area (Ron et al., 2003; Stavi et al., 2015) as they influence soil conditions and plant composition (Munzbergova and Ward, 2002) and provide food and shelter to numerous animals (Wiegand et al., 2000; Hackett et al., 2013) . In the summer, gazelles feed primarily on Acacia and even obtain the necessary water from their leaves (Yom-Tov et al., 1995) . Consequently, here the focus was on Acacia more than on other plant species because their decline would have a strong impact on the entire ecosystem. In Evrona, two species of Acacia are present Acacia raddiana Savi and Acacia tortilis (Forssk.) Hayne (Supplemental Fig. S1a and b) , the latter being dominant at the study site.
Pollution History
On 10 July 1975, a leak occurred in the Eilat-Ashkelon pipeline on the western side of the Evrona salt flat. Eight to ten thousand cubic meters of crude oil (no official details about composition are available) leaked out and floated east through the ephemeral river beds into the Evrona salt flat (Braester, 1975) . According to observations after the event, the oil flowed in streams 0.5 m to 5 m wide and penetrated into the soil to a depth of 10 to 40 cm. A later estimation of the damaged area using a map from the Hydrological Institute (Tel Aviv) describes approximately 150 ha of contaminated area (Braester, 1975) . Part of the contamination is also documented on an aerial photo from 1975 (Fig. 1a) . Because the spill occurred in the summer, gaseous and liquid components of the oil vaporized while the remaining compounds formed a hard crust (asphalt) on the surface of the soil. Soil assessments in 2015 still found oil contamination down to a depth of 40 cm (Yakir and Mandelbaum, 2015) . The residual fuel found in 2015 was composed mainly of diesel range organics (8450 mg kg -1 in the uppermost 20 cm). Oil range organics were also present (3280 mg kg -1 ). Light gasoline range organics were not found on the site. The following aromatic hydrocarbons were identified at depths of 0 to 20 cm: phenanthrene (1 mg kg -1 ), naphtalene (0.7 mg kg -1 ), pyrene and chrysene (both between 0.2 to 0.3 mg kg -1 ), acenaphthylene, acenaphtene, fluorene, fluoranthene, benzo(b)fluoranthene, and benzo(ghi)perylene (each between 0.07 to 0.08 mg kg -1 ) (Yakir and Mandelbaum, 2015) .
No action to restore the ecosystem has yet been taken. The oil remained in the environment and today is partly covered by dust. It can still be seen and smelled when wetted. During rain events, For proofing purposes only © ASA, CSSA, SSSA the hydrophobic oil crust prevents rain water from penetrating into the soil, so puddles form, while the soil in uncontaminated patches absorbs the rain water, both in between oil patches and outside the contaminated area (Supplemental Fig. S2 ).
Sampled Area
Because no vegetation data from before the oil spill exists for the area, this study substitutes space for time by comparing the contaminated area to uncontaminated areas that serve as a reference for how the vegetation would be without oil contamination. The study area included the entire contaminated area that is visible on the 1975 aerial photo (Fig. 1a) . To minimize the influence of natural gradients, we used reference areas both to the north and to the south of the contaminated area. The reference areas have the same east-west extension as the contaminated sampling area and are directly adjacent on both sides (Fig. 1b,  Supplemental Fig. S3 ). The contaminated area and the reference areas have the same elevation and receive water from the same catchment basin through Wadi Evrona (Yakir and Mandelbaum, 2015) . The soil in both the contaminated and the reference areas is red brown sandy clay with alluvial pebbles and gravel (Amit et al., 1999; Yakir and Mandelbaum, 2015) . As is typical for this hyper-arid region, the soil moisture is below 2% (analysis from February 2015; Yakir and Mandelbaum, 2015) ; the rare rain events cause exceptions.
Data Sampling Study Design
To identify the effect of the oil contamination on the composition of perennial plants, biodiversity assessments were performed between 8 and 16 March 2015. In total, 37 oblong plots (100 by 5 m) were sampled; 24 were located inside the contaminated area and 13 in reference areas (7 north and 6 south of the contaminated area). Each oblong plot was oriented east to west, in the direction of water flow (Fig. 1b) . The first corner of each plot was chosen randomly, the width was measured by a meter, and GPS was used to correct the orientation of the plot and determine its end point.
Species Abundances
Each perennial plant individual rooted within a plot was identified in the field to species level. The abundance of each species per plot was counted.
Shrub Size
Plant size was used to obtain indications about the age of plants since size usually correlates with growth rate and/or age. Detailed sampling was done in seven of the plots in the oil contaminated area, two plots in the northern reference area, and three plots in the southern reference area. To distinguish between plants growing directly in former streams of oil and those growing between contaminated patches (Fig.  1a) , the soil beneath each plant (in the contaminated plots) was examined and a record was made as to whether or not the plant was growing on a visible oil crust. This resulted in three different patch types: contaminated patches, reference patches outside the contaminated area (both to the north and south), and visibly clean patches within the contaminated area. The maximum canopy diameter of each plant individual was measured.
Acacia Size
Tree canopy diameter and height were measured for all the Acacias in the contaminated sampling area and an equal number of trees in the reference area (Fig. 1b, Supplemental Fig. S3 ). Canopy was measured with a meter and height with a 200 TruPulse (Laser Technology, Inc.). The size distribution in the contaminated area was compared to the reference area.
Statistical Analysis
Data were organized in a species-by-plot matrix for species abundances. The statistical analyses were performed in R (R Development Core Team, 2015) , principally using the package vegan (Oksanen et al., 2015) . Independent variables were considered to have a significant influence on dependent variables when the p value was <0.05. P values >0.05 but <0.1 are referred to as a tendency.
Multivariate Analyses
A dissimilarity matrix (Bray-Curtis distance) was generated with the R-function 'vegdist' resulting in pairwise dissimilarities in species composition between all plots. 'Oil contamination' was used as factorial independent variable with the two levels 'reference area' and 'oil contaminated area.' For proofing purposes only © ASA, CSSA, SSSA An analysis of similarities (ANOSIM) was performed with the function 'anosim, ' comparing the dissimilarities within the levels of 'oil contamination' to those between the levels and thereby testing whether perennial plant community composition differed between the plots in the oil contaminated area and those in the reference areas.
To visualize the compositional similarities between plots, an unconstrained ordination, Nonmetric Multidimensional Scaling (NMDS), was performed using the function 'metaMDS' and the Bray-Curtis Index to measure the dissimilarity between plots.
Species-Specific Abundance Shifts
Because the abundance of each species has only a limited weight in multivariate analyses, but its reduction or absence could have a high ecological relevance, relative changes in abundance between the contaminated area and reference areas were calculated for the seven most dominant species [all species with an average abundance per plot in the reference area > 0.35, namely, Acacia tortilis, Gymnocarpos decandrum Forssk., Hammada salicornia (Moq.) Iljin., Pelicosepalus acaciae (Zucc.) Wiens. & Polhill, Salsola baryosma (Schult.) Dandy, Salsola cyclophylla Baker, and Traganum nudatum Delile (Supplemental Fig. S1b-h) ]. The following formula was used to calculate relative changes in abundance (A) with Avg O i representing the average number of individuals from species i in the oil-contaminated plots and Avg R i representing the average number of individuals of species i in the reference plots:
For each of the seven most dominant species, we tested whether the number of individuals per plot (dependent variable) was affected by the factorial independent variable, oil contamination. Since Shapiro tests for normal distribution were negative, onesided Wilcoxon rank-sum tests were performed.
Effects on Shrub Size
The average canopy diameter of species present both in the reference area and on visible oil crust was compared to test if the plant diameters as a continuous dependent variable were affected by the independent factorial variable oil contamination. Since normal distribution of the plant diameters was not given, the nonparametric Wilcoxon rank-sum test (two-sided) was used. Size-distribution diagrams were generated for those species that showed a difference in average size.
Acacia Recruitment after the Oil Spill
To estimate the maximum canopy diameter that 40-yr-old trees might achieve, formulas obtained from Acacia in the Negev were used. Annual growth was calculated as TC (t+1) = 1.0013 × TC (t) + 0.7393, with TC (t) representing trunk circumference at year t (Wiegand et al., 2000) . Trunk circumference (TC) was converted into canopy diameter (CD) using the relation log 10 TC = 1.15×log 10 CD -1.154 (Wiegand et al., 2000) . Assuming linear growth without pauses, Acacias that germinated after the crude oil spill in 1975 are estimated to have a maximal canopy diameter of 4.25 m. The tree size (canopy diameter <4.25 m or >4.25 m) was used as a dichotomous response variable and a Chi-square test of independence was performed to determine whether the proportion of small trees (<4.25 m) was dependent on levels of oil contamination (independent dichotomous categorical variable).
Results
Perennial Plant Community Composition and SpeciesSpecific Abundance Shifts
Forty years after the oil spill, perennial plant species composition did not differ significantly between the oil-contaminated plots and the reference plots (ANOSIM, R value = 0.043; p = 0.225; Fig. 2 ). Acacia tortilis, however, showed reduced abundance in the oil-contaminated plots compared with reference plots (p = 0.002; Fig. 3) . Likewise, Pelicosepalus acaciae (p = 0.075; Fig. 3 ) and Hammada salicornia (p = 0.088; Fig. 3 ) had a tendency to be less abundant in the contaminated area. No other For proofing purposes only © ASA, CSSA, SSSA species showed statistically significant differences or tendencies in abundance between the contaminated area and the reference area (p > 0.1; Fig. 3, Supplemental Table S1 ).
Effects on Shrub Size
The individuals of Salsola cyclophylla were, on average, smaller in the contaminated areas (Fig. 4 , n = 200, p = 0.026), with the medium size classes (40-140 cm shrub diameter) being less frequent and small individuals being more frequent (50% versus 10% of the individuals <20 cm diameter) than in the reference plots (Fig. 5a) . Conversely, individuals of Acacia (Fig. 5c , n = 170, p = 0.0002; Supplemental Fig. S4 ) and H. salicornia (Fig.  4 , n = 138, p = 0.017) found on contaminated soil were larger than in the reference area. According to the size distribution of H. salicornia (Fig. 5b) , the majority of plants in the reference area had a diameter between 40 and 80 cm, whereas those size classes were less frequent in the oil-contaminated area (Fig. 5b) . Small Acacias were absent in the oil-contaminated area ( Fig. 5c ; Supplemental Fig. S4 ). Rarely, Acacia trees presumably younger than the oil spill (canopy <4.25 m, see "Methods and Materials, " above) occurred in the contaminated area (about 5%), whereas they constituted approximately 18% of the reference population (a reduction of about 74%; n = 170; chi-square: p = 0.005).
Discussion
Plant Composition
The similarity in composition of perennial plants between the oil-contaminated area and the reference areas suggests that the plant community has either not been affected by the oil spill or has managed to recover within the 40 yr subsequent to it. In contrast to this result, other scholars documented persistent (after 1 to 20 yr) changes in plant community composition as a consequence of contamination with petroleum hydrocarbons (Cowell, 1969; Hussein and Terry, 2002; Chima and Vure, 2014) . The different result obtained from Evrona may be due to different site conditions or the long time period that has passed since the 1975 oil spill, which may have allowed plants to recover. The content of petroleum hydrocarbons in the soil may have decreased over time (Tang et al., 2012) ; as the soil analysis from the site in Evrona suggests, all the gaseous and liquid compounds have evaporated (Yakir and Mandelbaum, 2015) . Floods have removed the oil crust in some places (personal observation), and in other places wind has accumulated soil on top of the oil crust (personal observation), allowing, we suggest, for the infiltration of water and growth of plants.
Abundance and Size Distribution
Even though the overall community composition was not significantly affected, the dominant species S. cyclophylla, H. salicornia, and Acacia showed changes in abundance and/or size distribution. In the contaminated area, both Hammada and Acacia individuals were, on average, bigger than in the reference plots. Acacia, furthermore, occurred less frequently, and Hammada and Pelicosepalus acaciae showed a similar tendency. It is unlikely that faster growth is causing this increased size since other scholars have found decreased plant growth resulting from contamination with hydrocarbons (Alkio et al., 2005 ; For proofing purposes only © ASA, CSSA, SSSA Besalatpour et al., 2008; Langer et al., 2010; Pérez-Hernández et al., 2013) . A likely explanation for lower abundance and larger average size is decreased recruitment due to crude oil pollution. In the case of Hammada, oil contamination may have decreased recruitment for some decades, explaining the low number of plants between 40 and 80 cm in diameter. However, high numbers of small plants (0 to 40 cm) suggest that recruitment is no longer inhibited. For S. cyclophylla, the high number of very small plants compared to the small number of larger plants on contaminated soil suggests that, like Hammada, recruitment was inhibited for a certain period after the oil spill but is now possible again. A second potential explanation for the observed pattern is that S. cyclophylla seeds germinate well on oil-contaminated soils but that young plants fail to survive. In Evrona, residual dry crude oil has formed a hard crust on the soil, which might function as a physical barrier for seedling growth since it may prevent roots from penetrating the soil.
For Acacia in the Negev, a low number of small trees is considered a sign of low recruitment (Stavi et al., 2014) . According to Wiegand et al.`s (2000) deterministic growth scenario, Acacia trees that are 40 yr old were estimated to have a maximal canopy diameter of about 4.25 m. Within the area contaminated in 1975, however, trees of this size or smaller were underrepresented (74% fewer than in the reference). This can be interpreted as a reduction in recruitment. Considering that stress or decreased water supply due to the oil contamination might have slowed the growth of trees, some of the trees that were estimated to be younger than 40 yr might actually be older, remaining small due to stress caused by the oil spill. Thus, the decrease in recruitment may be even higher than estimated. Regarding the size distribution of Acacia ( Fig. 5c; Supplemental Fig. S4 ), small trees (height <1 m and canopy <2 m) were completely absent from the contaminated area, which means that still no germination has occurred.
Acacias are known for periodic tree recruitment, which happens only in years with good water supply (Ward and Rohner, 1997; Wiegand et al., 2000) . Because of the importance of recruitment to long-term population growth, even a slight shift in frequency of recruitment events may have detrimental effects on the survival of populations of Acacia (Wiegand et al., 2000) . According to Wiegand et al's (2004) semistochastical model, an average of 1.6 large recruitment events every century and a 50% probability of small recruitment events every year would be necessary to sustain populations of Acacias in the Negev. This seems not to be evident in the oil-contaminated area, where a maximum of four trees possibly germinated after the oil spill. However, the presence of large trees shows that established Acacia individuals can survive in oil-contaminated soil. Thus, Acacia appears vulnerable to oil contamination mainly in its early life stages, whereas older trees survived the contamination apparently unaffected.
The decline of Acacia may explain the tendency of Pelicosepalus acaciae to occur less frequently in the contaminated area. Pelicosepalus acaciae is a parasite that relies on Acacia as its most common host plant (Veste et al., 2015) ; its abundance decreases when its host plant becomes less abundant.
The decrease in recruitment, which was temporary for H. salicornia and possibly also for S. cyclophylla, but which is still ongoing for Acacia, could result from a lack of fertile seeds, inhibition of germination, or inhibition of seedling growth. Decreased seed production and fertility can be caused by the genotoxicity of certain compounds in crude oil (Malallah, 1998; Hu et al., 2012; Feng et al., 2013; Phillips et al., 2015) . In the case of Acacia, however, it is unlikely that this is the only reason for absence of young trees in the contaminated area because the gazelles that eat Acacia pods distribute the seeds with their feces over distances of several kilometers. Gazelle activity and feces have been observed in the contaminated area during the field work, even in the area affected by the recent oil spill in 2014 (personal observation); thus, enough fertile Acacia seeds should have been available throughout. Inhibition of germination by crude oil or its compounds has been reported before (Adam and Duncan, 2002; Besalatpour et al., 2008; Chima and Vure, 2014) , and, like in Evrona, some species showed higher vulnerability than others (Chaîneau et al., 1997) . A third scenario-which fits the pattern observed with S. cyclophylla-is that seeds germinate but that seedling growth is inhibited, as was shown for Brassica napus L. and Trifolium repens L. (Besalatpour et al., 2008) and Hordeum vulgare L. (Li et al., 1997) . Hegazy (1997) studied succession on tar-polluted soil and found that a species of the same genus, S. imbricate Forssk., was dominant in the colonization but absent in later succession stages. In some instances, petroleum hydrocarbons can even have a positive effect on germination (Hegazy, 1997; Pérez-Hernández et al., 2013) . This might also apply to S. cyclophylla. Radwan et al. (1998) found hydrocarbon-utilizing bacteria in the rhizosphere of S. imbricate that could explain its temporal tolerance to the contaminant. But the high number of S. cyclophylla seedlings found in Evrona might also result from the availability of suitable places for germination due to the low abundance of larger plants and other species. Recent germination experiments with A. raddiana in soil from Evrona contaminated by oil spills from 1975 and 2014 suggest that both germination and seedling development are inhibited by crude oil contamination: germination was reduced, and seedlings produced significantly fewer leaves, had a dwarfed appearance, and did not survive over the long-term (Meizlish et al., 2016) .
Both germination and seedling growth can be inhibited by stress due to toxic compounds in crude oil (Chaîneau et al., 1997; Alkio et al., 2005) or by interference in water and subsequent nutrient supply due to the decreased wettability of oil-contaminated soils (Reilley et al., 1996; Li et al., 1997; Besalatpour et al., 2008) , which was also observed in Evrona (Supplemental Fig. S2 ). Seedlings might be more vulnerable to decreased water supply since they lack the adaptations to infrequent water supply present in adult desert plants, such as plenty of succulent tissue (e.g., Hammada, Salsola) or a far-reaching root system (e.g., Acacia). However, recruitment of A. raddiana in oil-contaminated soil was inhibited even in the laboratory experiment by Meizlish et al. (2016) , where sufficient water had been supplied. This indicates that Acacia seeds or seedlings also suffer from chemical poisoning, for example, by the aromatic hydrocarbons that are still present on the site (Yakir and Mandelbaum, 2015) .
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Conclusion
As one of the first studies on the long-term impacts of untreated crude oil spills in a hyper-arid ecosystem, this study shows that adverse ecological effects are still measurable 40 yr after the spill. Even though the composition of perennial plants was not affected four decades after the oil spill, the observed lack of Acacia recruitment could have far-reaching ecological implications as Acacia is a keystone species, and its reduction or local extinction would have cascading effects for the entire food-web and cause a drastic loss of biodiversity. This study focused on plant communities. Research on microorganisms and animals would shed additional light on the effects of crude oil spills on whole ecosystem integrity.
Based on the normative premise that nature reserves should conserve biodiversity and ecosystem integrity, our data suggest that crude oil contaminations, particularly in hyper-arid ecosystems, need to be prevented. At the least, in similar cases (e.g., the oil spill which occurred in Evrona in December 2014), the oil should be actively removed from the ecosystem. Remedial planting of Acacia saplings is another untested strategy that could prevent the decline of this keystone species and the consequent loss of biodiversity after crude oil contamination.
